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When	
  “pp”	
  and	
  “DIS”	
  Confront	
  Each	
  Other:	
  A	
  Surprise!	
  
First	
  a(empt	
  to	
  test	
  the	
  universal	
  QCD	
  descrip7ons	
  of	
  TSSA	
  in	
  p+p	
  and	
  e+p	
  

•  What	
  are	
  the	
  sources	
  of	
  the	
  large	
  TSSA	
  in	
  p+p?	
  	
  
–  Long-­‐standing	
  puzzle	
  ~40	
  years!	
  
–  Sivers	
  and	
  Collins	
  effects	
  observed	
  in	
  SIDIS	
  

•  Are	
  they	
  universal?	
  	
  
–  p+p	
  vs	
  SIDIS	
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! Both seem to describe the data well (in their own kinematic region), 
but what about their connections?
! At the operator level, ETQS function is related to the first kt-moment of the 

Sivers function
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Comparison of results

Alexei Prokudin

 

   

Collinear analysis:  Kouvaris, Qiu, 
Vogelsang, Yuan (2006)

 

 TMD analysis:  

Anselmino et al (2008)

Kang, Qiu, Vogelsang, Yuan (2011)

Urgency:	
  Experimental	
  resoluRon!	
  	
  
	
  

•  SIDIS:	
  	
  
–  Sivers	
  and	
  Collins	
  separated	
  
–  Limited	
  to	
  “small”	
  (x,Q2)	
  
–  Need	
  EIC	
  to	
  help!	
  

•  p+p:	
  
–  Inclusive	
  TSSA,	
  mix	
  of	
  effects	
  
–  Limited	
  to	
  “large”	
  (x,	
  Q2	
  )	
  
–  Need	
  new	
  data	
  to	
  overlap	
  SIDIS!	
  

P+P:	
  Twist-­‐3	
   SIDIS:	
  TMD	
  

SIDIS	
  

P+P	
  

EIC?	
  

RHIC?	
  



Proposal:	
  New	
  Transverse	
  Spin/TMD	
  Physics	
  at	
  RHIC	
  
Discover	
  Novel	
  QCD	
  Structures	
  and	
  Dynamics	
  at	
  RHIC	
  

•  New	
  Opportunity	
  at	
  RHIC	
  -­‐	
  the	
  world	
  only	
  
polarized	
  p+p	
  Collider	
  
–  First	
  unambiguous	
  measurements	
  of	
  iniRal	
  and	
  

final	
  state	
  spin	
  asymmetries	
  in	
  p+p	
  
•  Jet	
  “Sivers”	
  asymmetry	
  
•  Intra-­‐Jet	
  “Collins”	
  asymmetry	
  
•  Direct	
  comparison	
  with	
  SIDIS	
  
	
  

–  Access	
  new	
  quark	
  and	
  gluon	
  TMDs	
  	
  
•  Boer-­‐Mulders,	
  Warm-­‐Gear	
  etc	
  

–  Requires	
  new	
  experimental	
  capabiliRes	
  
•  Full	
  jet,	
  forward	
  rapidity	
  
•  Drell-­‐Yan	
  and	
  other	
  probes	
  possible	
  

•  Recent	
  revoluRon	
  in	
  “TMD	
  physics”	
  
–  Universal	
  QCD	
  descripRons	
  being	
  developed	
  
–  EIC	
  physics	
  focus	
  	
  

	
  

•  Unique	
  opportunity,	
  discovery	
  physics!	
  
–  Harvest	
  early	
  investment	
  with	
  moderate	
  

detector	
  upgrade	
  (also	
  EIC	
  ready)	
  
–  CriRcal	
  for	
  EIC	
  physics	
  interpretaRon	
  	
  

which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
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In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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checked that even in themaximized scenario this last
contribution is always negligible in all the kinemati-
cal configurations considered; therefore, we will not
discuss it anymore in the sequel;

(2) The cos!H
" asymmetry is generated by the quark

Boer-Mulders!Collins convolution term, involving
a transversely polarized quark and an unpolarized
hadronboth in the initial state and in the fragmentation
process. In the central rapidity region (#j ¼ 0) the
maximized value of this asymmetry is of the order
1–3%, depending on the fragmentation function set
adopted and on the c.m. energy considered, being
almost negligible at

ffiffiffi
s

p ¼ 500 GeV. In the forward
rapidity region, #j ¼ 3:3, the maximized cos!H

"

asymmetry can be much larger both at
ffiffiffi
s

p ¼ 200
and 500 GeV. As an example, in Fig. 2 we show the
maximized cos!H

" asymmetry (solid red lines) for"þ

production at c.m. energy
ffiffiffi
s

p ¼ 200 GeV in the cen-
tral (left panel) and forward (right panel) rapidity
regions as a function of pjT , from pjT ¼ 2 GeV up

to the maximum allowed value, adopting the Kretzer
FF set. Slightly lower values are obtained using the
DSS set.

(3) The cos2!H
" asymmetry is related to the term in-

volving linearly polarized gluons and unpolarized
hadrons both in the initial state and in the fragmen-
tation process, that is, the convolution of a Boer-
Mulders-like gluon distribution with a Collins-like
gluon FF. Even the maximized contribution is prac-
tically negligible in the kinematical configurations
considered. As an example, again in Fig. 2, we show
the maximized cos2!H

" asymmetry (dashed green
lines) for "þ production at

ffiffiffi
s

p ¼ 200 GeV c.m.
energy in the central (left panel) and forward (right

panel) rapidity regions as a function of pjT , adopting
the Kretzer FF set. Similar results are obtained using
the DSS set.

Concerning results with available parametrizations, for
the quark-originated cos!H

" asymmetry we have verified
that the asymmetries obtained with the parametrizations
adopted here, our set SIDIS 2 and the BMP set for the
Boer-Mulders function, are negligible in all kinematical
configurations considered. No parametrizations are pres-
ently available for the analogous gluon contributions lead-
ing to the cos2!H

" asymmetry.

B. Azimuthal asymmetries for ANðp"p ! jetþ ! þ XÞ
Let us now discuss our numerical results for the Sivers

(A
sin!SA
N ) asymmetry and the quark [A

sinð!SA
&!H

" Þ
N ] and gluon

[A
sinð!SA

&2!H
" Þ

N ] Collins(-like) asymmetries; see Eq. (32).
Our estimates are qualitatively similar at the three different
c.m. energies considered, with some differences in the size
of the asymmetries and in the relative weight of the
quark and gluon contributions where both play a role.
Therefore, we will concentrate on the results obtained atffiffiffi
s

p ¼ 200 GeV.

1. The Sivers asymmetry

In this case, both quark and gluon contributions can be
present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
In Fig. 3 we show the total observable Sivers asymmetry

(solid red line) and the corresponding quark and
gluon contributions (dashed green and dotted blue lines,
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FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jetþ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.
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Jet	
  “Sivers”	
  and	
  “Collins”	
  Measurements	
  
A	
  Proposed	
  EIC	
  Detector,	
  eta={-­‐1,	
  +4}	
  

•  Jet	
  “Sivers”	
  Asymmetry	
  

	
  

•  Intra-­‐Jet	
  “Collins”	
  Asymmetry	
  

Jet	
  KinemaRc:	
  
	
  
X	
  =	
  0.1	
  ~	
  0.6	
  
Q2	
  =	
  16	
  ~	
  1000	
  
Huge	
  staRsRcs	
  for	
  precision	
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Gluons	
  are	
  Important	
  at	
  Large	
  x	
  Too!	
  
incoming	
  parton	
  flavors	
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xg(x)	
  

xu(x)	
  
xd(x)	
  

-­‐	
  CTEQ	
  10,	
  NLO	
  	
  
-­‐	
  Q^2	
  =	
  10	
  GeV^2	
  
	
  
There	
  are	
  a	
  lot	
  of	
  gluons	
  at	
  	
  
X1	
  >	
  0.1	
  	
  
	
  	
  
Access	
  gluon	
  TMDs	
  in	
  p+p	
  	
  
in	
  leading	
  order	
  processes	
  
	
  
Forward	
  jets:	
  x1	
  >>	
  x2	
  
	
  	
  
u(x1)	
  +	
  g(x2)	
  -­‐>	
  jets	
  	
  
g(x1)	
  +	
  g(x2)	
  –>	
  jets	
  	
  
d(x1)	
  +	
  g(x2)	
  -­‐>	
  jets	
  
	
  
g(x1)	
  +	
  q_sea(x2)	
  -­‐>	
  jets	
  
q(x1)	
  +	
  q_sea(x2)	
  -­‐>	
  jets	
  
	
  

g(x) ≥ d(x)


